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Abstract
The ability of cells to decorate glycosaminoglycans (GAGs) with sulphate in highly specific patterns is important to
extracellular matrix biogenesis and placing appropriate glycosulphated ligands on the cell surface. We have examined
sulphate metabolism in two pancreatic duct epithelial cell lines ^ PANC-1 and CFPAC-1 (derived from a cystic fibrosis
patient) with a view to understanding how pancreatic cells utilise intracellular sulphate. [35S]Sulphate uptake was rapid and
reached near steady state levels within 10 min. However, the intracellular specific activity of [35S]sulphate for PANC-1 and
CFPAC-1 reached only 35 and 10%, respectively, of the medium specific activity at 10 min. Therefore, sulphate appears to
reside within two compartments; a rapidly exchangeable sulphate pool (RESP) and a slowly exchangeable sulphate pool
(SESP). Reducing chloride in the medium, increased the specific activity of [35S]sulphate within cells and increased the size of
the inorganic sulphate pool, suggesting that the RESP was enlarged. Sulphate pools were not different in size between the
two cell lines in physiological NaCl. Increasing the size of the sulphate pool had no effect on [35S]sulphate:[3H]glucosamine
ratios incorporated into glycosaminoglycans (GAGs); however, stimulating the synthesis of GAGs with 4-methylumbelli-
feryl-L-D-xyloside, stably elevated [35S] :[3H] ratios. This was due to higher [35S]sulphate incorporation. [35S]Cysteine
contributed less than 0.1% of the cells’ sulphate requirements. We conclude that in the face of elevated demand for sulphate,
pancreatic cells appear to channel a greater proportion through the RESP. ß 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Glycosaminoglycans (GAGs) are synthesised by
virtually all cells and are of considerable importance
in the construction and maintenance of extracellular
matrix, in which numerous proteins and proteogly-
cans may be functionally localised to the extracellu-
lar space. GAGs may be sulphated on either the
hexuronic acid or the N-acetyl hexosamine residue
at a number of di¡erent carbon positions, resulting
in an extensive heterogeneity that gives rise to con-
siderable potential for the coding of biological infor-
mation. These complex carbohydrates, long thought
of as simply molecular sca¡olding, have now been
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shown to bind to and modulate the biological activ-
ity of a number of proteins via their speci¢c sulpha-
tion patterns [1,2]. Through these interactions they
have been implicated in such diverse processes as
embryonic organogenesis, angiogenesis, cell adhesion
and growth factor modulation [3].
Pancreatic cells have a regulated GAG synthesis-
ing activity [4,5], the importance of which is high-
lighted by the existence of certain disease states
which have been associated with abnormalities of
GAG synthesis and/or composition. These include
pancreatic cancer, diabetes and cystic ¢brosis
[6^10]. Therefore, it is important to gain an under-
standing of how pancreatic epithelial cells obtain and
make sulphate available for sulphotransferases in the
Golgi apparatus. We have examined the dynamics of
sulphate metabolism in PANC-1 and CFPAC-1, two
human ductal epithelial pancreatic cell lines. PANC-
1 cells have been shown to have many of the di¡er-
entiated features typical of normal pancreatic ductal
epithelium and synthesise and secrete a number of
sulphated glycoproteins and glycosaminoglycans
[11,12]. CFPAC-1 cells also show typical ductal epi-
thelial characteristics, but carry a homozygous muta-
tion in the CFTR gene, and exhibit the classic chlo-
ride secretory defect characteristic of cystic ¢brosis
epithelial cells. The goal of these studies was to ad-
vance our understanding of how epithelial cells in
general and pancreatic cells in particular, obtain
and utilise sulphate for macromolecular biosynthesis.
Consequently we have examined intracellular sul-
phate distribution, sulphate pool size, the contribu-
tion of sulphur-containing amino acids to sulphation
and the e¡ect of accelerating GAG synthesis. The
long-term aim of these studies is to determine what
role glycoconjugate sulphation my play in disease
states such as cystic ¢brosis.
2. Materials and methods
2.1. Materials
Radioisotopes were purchased from NEN (USA),
culture medium, medium additives and foetal bovine
serum were from Gibco-BRL (Australia) and plastic-
ware from Corning (USA). Chondroitinase ABC was
from ICN (USA). Sephadex G50 and DEAE-Sepha-
cel were from Pharmacia LKB Biotechnology (Swe-
den); HEPES bu¡er, PBS tablets, and 4-methylum-
belliferyl-L-D-xyloside (xyloside) were from Sigma
(USA). All remaining chemicals were Analar or
HPLC grade and were supplied by Ajax Chemicals
(Australia) except for Tris(hydroxymethyl)amino-
methane (Tris) which was obtained from Boehringer
Mannheim (Germany). Scintillation counting was
performed using Optiphase Hisafe scintillant from
Fison (Australia) in a Wallac 1409 counter. Counting
e⁄ciencies for calculating [3H]glcN and [35S]sulphate
disintegrations per minute (dpm) in dual radiola-
belled samples were obtained from quench curves
programmed into the Wallac counter by the manu-
facturer.
2.2. Cell culture
PANC-1 and CFPAC-1 were obtained from the
American Type Culture Collection and grown in Is-
cove’s modi¢ed Dulbecco’s medium (IMDM) supple-
mented with 10% (v/v) foetal bovine serum and
100 U/ml penicillin and streptomycin.
2.3. Sulphate uptake
Cells were grown to 90^100% con£uence in 35-mm
Petri dishes, then medium was removed, the cells
were washed three times with gluconate bu¡er, (com-
position in mM: Na gluconate (140), hemi-Mg-gluc-
onate (2), hemi-Ca-gluconate (2) K-gluconate (5),
HEPES (10), solid Tris to pH 7.4) then gluconate
bu¡er containing 140 mM NaCl (replacing Na gluc-
onate), Na2SO4 and 6 WCi/ml Na2[35S]SO4 (¢nal sul-
phate concentration, 100 WM) was added to cells for
varying lengths of time at 21‡C. Following exposure
to isotope for the designated period, medium was
aspirated and cells were washed three times with
ice-cold gluconate bu¡er. Because uptake was ex-
tremely rapid, isotope in ice-cold gluconate bu¡er
was added to cells and then aspirated to obtain a
time zero data point. Upon completion of the
experiment, cells were lysed with 700 Wl 0.01 M
NaOH at 4‡C overnight and 500 Wl had radioactivity
quantitated, while protein estimations were per-
formed on the remaining sample. All [35S]sulphate
data presented in this study were corrected for de-
cay.
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2.4. E¡ect of altering extracellular chloride and
determination of inorganic sulphate within cells
CFPAC-1 and PANC-1 cells were grown as de-
scribed and washed six times with ice-cold Na-gluc-
onate bu¡er. Na-gluconate bu¡er (1 ml) containing
varying chloride ion concentrations (0, 10, 20, 70,
and 140 mM; obtained by reducing Na gluconate
concentration and replacing with NaCl accordingly)
and supplemented with Na2SO4 and 6 WCi/ml
Na2[35S]SO4 (¢nal sulphate concentration, 100 WM)
was added to each dish and incubated for 10 min at
room temperature. The cell monolayers were washed
six times with ice-cold Na-gluconate bu¡er, the cells
lysed with 1 ml 0.01 M NaOH overnight at 4‡C and
then cellular contents were recovered. Of the 1 ml
recovered from each sample, 600 Wl was lyophilised
and sent to Amdel Industrial Services, Adelaide,
Australia (a National Association of Testing Author-
ities (NATA) certi¢ed testing laboratory) for inor-
ganic sulphate analysis by ion chromatography.
Three medium samples were analysed and returned
results of 97.0 þ 2.3 WM, thereby providing an inter-
nal control as to the accuracy of the ion-exchange
analysis. Aliquots of the remaining samples were
tested for protein and radioactivity. To con¢rm
that none of the [35S]sulphate had been incorporated
into GAGs during the 10-min uptake, samples from
each cell line were run on Sephadex G50 columns.
There was no evidence of any radioactivity eluting in
the void volume of columns, i.e. associated with mac-
romolecules. All glassware used in this experiment
was washed ten times with distilled water and then
several more times with highly puri¢ed Milli-Q water
(Millipore) in order to remove any traces of residual
sulphate which may have derived from glass washing
detergent.
2.5. E¡ect of xyloside on GAG synthesis
CFPAC-1 and PANC-1 cells were grown to 90^
100% con£uence in 35-mm plastic Petri dishes and
then washed twice with physiological medium (com-
position in mM: NaCl (132), CaCl2 (1), MgCl2 (1),
KCl (5), KH2PO4 (1), glucose (5), HEPES (10)-Tris
pH 7.4) before being incubated for 30, 120 or
240 min in 0.75 ml physiological medium containing
100 WCi/ml Na2[35S]SO4 and 40 WCi/ml [3H]glcN.
Xyloside (¢nal concentration 100 WM, from 100 mM
stock solution in DMSO) or vehicle were also added
at the start of the experiment. Upon completion
of the incubation, medium plus a PBS wash of the
cells was collected, and the cell layers were solubi-
lised in guanidine bu¡er (4 M guanidine-HCl, 2%
(v/v) Triton X-100, 50 mM Na acetate, pH 6.0).
GAGs were isolated from these samples on DEAE-
Sephacel using the batch procedure detailed in
[12].
2.6. Chondroitinase ABC digestion
GAGs or cell layer samples were bu¡er exchanged
on Sephadex G50 into 0.1 M ammonium formate,
lyophilised, reconstituted in 200 Wl 50 mM Tris-ace-
tate pH 8.0 and then digested for 2 h at 37‡C with
0.1 U of chondroitinase ABC. CS/DS disaccharides
were then separated from undigested heparan sul-
phate by Sephadex G50 chromatography and ali-
quots had radioactivity determined.
2.7. Contribution of [35S]cysteine to GAG sulphation
Cells were grown as described above, until at or
near con£uence. Cells were washed twice with gluc-
onate bu¡er containing either 0 or 140 mM NaCl.
They were then incubated for 2 h at 37‡C in 5% CO2,
in 1 ml gluconate medium (supplemented with
100 WM Na2SO4) containing 10 WCi/ml [35S]cysteine
(1075 Ci/mmol, 11 mCi/ml) with either no chloride
ion or 140 mM NaCl in the presence of either 0.1 mM
xyloside or vehicle. Upon completion, the medium
was collected, cell layers washed twice with ice-cold
gluconate bu¡er and then cells lysed with 500 Wl
0.05 M NaOH for 1 h at room temperature. Aliquots
(50 Wl) were removed for protein estimation. The
concentration of NaOH was then increased to
0.5 M with the addition of 1 M NaOH to achieve
L-elimination of GAG chains from cell layer proteo-
glycans. This reaction was allowed to proceed for
16 h at 4‡C after which the solutions were neutralised
by addition of 45 Wl concentrated HCl and 100 Wl
1 M Tris/HCl, pH 7.0. GAG chains and high molec-
ular weight material remaining were separated from
free [35S]cysteine by Sephadex G50 chromatography
and then GAG chains were precipitated with cetyl-
pyridinium chloride (CPC) [13].
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2.8. Statistical analyses
Statistical tests for signi¢cance were based on two-
tailed Student’s t-test with an assumption of equal
variances.
3. Results and discussion
PANC-1 and CFPAC-1 cells, as has been found
with other epithelial cell types, transport sulphate via
a 4,4P-diisothiocyanostilbene-2,2P-disulphonic acid
(DIDS)-sensitive, SO234 /Cl
3 anion exchanger [14^
18]. In the experiments described here, sulphate in-
£ux from the medium was rapid and approached
steady state within 10 min at 21‡C (Fig. 1).
CFPAC-1 cells approached a steady-state
[35S]sulphate per unit protein that was approximately
2.3 times lower than for PANC-1 cells. This is in
agreement with previous studies of sulphate trans-
port conducted on these cell lines [17]. These data
illustrate the rapidity and saturability of sulphate
uptake from the medium in pancreatic epithelial
cells.
As chloride and sulphate are believed to share sites
on the exchanger, medium chloride concentrations
can in£uence the in£ux of sulphate [15]. In the next
series of experiments, the extracellular medium chlo-
ride ion concentration ([Cl3]o) was varied in order to
manipulate the inorganic sulphate pools in each cell
line. Lowering [Cl3]o from 140 to 0 mM increased
sulphate in£ux in both cell lines (Fig. 2). CFPAC-1
cells showed up to 10-fold lower capacity for sul-
phate in£ux than PANC-1 cells, consistent with
data shown in Fig. 1 and previous studies [17]. The
total intracellular inorganic sulphate concentration
increased in parallel with the increased [35S]sulphate
in£ux (Fig. 3). This amounted to a 9-fold increase in
the size of the sulphate pool in PANC-1 cells in
response to the lowering of [Cl3]o from 140 to
0 mM. The sulphate pool of CFPAC-1 cells also
increased in response to lowered [Cl3]o (not shown),
Fig. 2. E¡ect of altering [Cl3]o on [35S]sulphate uptake.
CFPAC-1 and PANC-1 cells in 35-mm Petri dishes were
washed with gluconate bu¡er six times and then exposed to
gluconate bu¡er containing varying concentrations of NaCl,
6 WCi/ml Na2[35S]SO4 plus Na2SO4 to a ¢nal concentration of
100 WM, for 10 min. Experiments were performed at room tem-
perature. At the end of the incubation period, cells were
washed with ice-cold gluconate bu¡er six times, and the cells
were then lysed with 1 ml 0.01 M NaOH overnight at 4‡C. The
radioactivity released was quantitated by scintillation counting
and aliquots were retained for protein estimations and inor-
ganic sulphate analysis. Data shown are mean þ S.D., n = 3. Up-
take by PANC-1 is shown on the left y-axis, and for CFPAC-1
on the right y-axis.
Fig. 1. [35S]Sulphate uptake by pancreatic cells. CFPAC-1 and
PANC-1 cells in 35-mm Petri dishes were washed and then ex-
posed to gluconate bu¡er containing 140 mM NaCl, 6 WCi/ml
Na2[35S]SO4 plus Na2SO4 to a ¢nal concentration of 100 WM,
for varying times. Experiments were performed at room temper-
ature. At each time point, the isotope was aspirated and the
cells washed with ice-cold gluconate bu¡er three times. Cells
were then lysed with 700 Wl 0.01 M NaOH overnight at 4‡C,
and radioactivity released was quantitated by scintillation
counting. Aliquots were retained for protein estimations. Data
shown are mean þ S.D., n = 3.
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but at 0 mM [Cl3]o, was 4.5 times lower than in
PANC-1. These results are consistent with the ¢nd-
ing of a lower capacity of CFPAC-1 cells to trans-
port sulphate [17]. However, at physiological [Cl3]o,
the size of the total inorganic sulphate pool in
CFPAC-1 cells was not signi¢cantly di¡erent from
that of PANC-1 cells (0.27 and 0.23 ng sulphate/
mg cell protein, respectively).
The speci¢c activity of radioactive sulphate inside
the cell, was compared with that of the medium (Fig.
4). Intracellular speci¢c activities for CFPAC-1 and
PANC-1 cells were lower than that of the medium
(1085 þ 34 dpm/ng sulphate) at all [Cl3]o. For exam-
ple, at 140 mM [Cl3]o the intracellular speci¢c activ-
ity reaches 35% of the medium for PANC-1 cells and
only 10% of the medium speci¢c activity in CFPAC-
1 cells. Even at 0 mM [Cl3]o where the chemical
potential gradient for sulphate in£ux is greatest, the
intracellular speci¢c activity does not reach that of
the medium (78% in PANC, 45% in CFPAC-1).
These data are similar to the ¢ndings of Mohapatra
et al. [15] who interpreted it in terms of two kineti-
cally distinct compartments for sulphate within air-
way epithelial cells: a rapidly exchangeable sulphate
pool (RESP); and a slowly exchangeable sulphate
pool (SESP). The identity of the SESP, i.e. its com-
partment or intracellular distribution, is unknown.
Indeed, the SESP may comprise more than one dis-
tinct ‘pool’ ; however, for simplicity we refer to it as a
single pool which is de¢ned by its lack of access to
the plasma membrane-bound anion exchanger. The
data presented here imply that the RESP within both
the PANC-1 and CFPAC-1 cells constitutes only a
minor component of the total inorganic sulphate
pool (10% in CFPAC-1, 35% in PANC-1), though
it dominates in supplying GAGs with radiolabelled
precursors.
Running an essentially identical experimental pro-
tocol in airway epithelial cells, Mohapatra et al. [15]
found that the intracellular speci¢c activity of
[35S]sulphate did not change appreciably between
5 and 30 min, demonstrating that there was no rapid
exchange between the RESP and the SESP. As the
in£ux time in this study was only 10 min, it can be
assumed that most if not all of the increase in the
size of the total intracellular sulphate pool at low
[Cl3]o was due to an increase in the size of the
RESP.
Fig. 4. E¡ect of altered [Cl3]o on intracellular speci¢c activity
of [35S]sulphate. Intracellular [35S]sulphate speci¢c activities
were calculated for CFPAC-1 and PANC-1 cells after 10-min
[35S]sulphate uptake experiments, conducted at room tempera-
ture in the presence of varying extracellular chloride. Values
were calculated from the experimental data shown in Figs. 2
and 3. Data shown are mean þ S.D., n = 3.
Fig. 3. E¡ect of altering [Cl3]o on total intracellular sulphate
pools. PANC-1 cells in 35-mm Petri dishes were washed with
gluconate bu¡er six times and then exposed to gluconate bu¡er
containing varying concentrations of NaCl, 6 WCi/ml
Na2[35S]SO4 plus Na2SO4 to a ¢nal concentration of 100 WM,
for 10 min. Experiments were performed at room temperature.
At the end of the incubation period, cells were washed with ice-
cold gluconate bu¡er six times, and the cells were then lysed
with 1 ml 0.01 M NaOH overnight at 4‡C. Aliquots (600 Wl)
were lyophilised and analysed for inorganic sulphate by ion-ex-
change chromatography. Data shown are mean þ S.D., n = 3.
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To investigate the eventual fate of sulphate taken
up from the medium, exogenous xyloside was used to
increase the £ux of sulphate from its sulphate pool to
the GAG. This compound elevates the rate of GAG
synthesis by acting as a GAG-chain acceptor and
thereby relieving the limitation normally a¡orded
by the proteoglycan core protein [19^21]. Most cells
respond by synthesising large quantities of free GAG
chains, the majority of which is secreted. To con¢rm
that PANC-1 and CFPAC-1 cells would respond to
xyloside in the anticipated way, we radiolabelled
both cell lines in the presence or absence of 100
WM xyloside. Cells were labelled with [35S]sulphate
and [3H]glcN and then GAGs were isolated from
the medium and cell layer. After 2 h, there was a
3^8-fold increase in the amount of 3H-labelled
GAG in the medium of xyloside stimulated cells rel-
ative to the relevant control incubations (not shown).
Cell layer samples stimulated with xyloside showed
modestly increased amounts of radiolabelled GAG
demonstrating that most of the newly synthesised
GAGs were secreted. As GAG chains have high
numbers of esteri¢ed sulphate residues, this experi-
mental treatment would be expected to increase the
£ux of sulphate precursors through the sulphation
pathway.
The [35S]:[3H] ratios of GAGs synthesised by pan-
creatic cells in the presence of xyloside did not
change signi¢cantly with time during the experiment
suggesting that the precursor pools remained in
steady state during the course of the incubations.
Fig. 6. Individual contribution of each isotope to the ratios
shown in Fig. 5. Contribution of (a) [3H]glcN and (b)
[35S]sulphate to the GAG ratios obtained by the experiment de-
tailed in Fig. 5. Grey bars show control treatment, solid bars
show xyloside treatment. **P6 0.01, ***P6 0.001.
Fig. 5. E¡ect of xyloside on the [35S]:[3H] ratios incorporated
into CS/DS GAGs synthesised under conditions of varying
[Cl3]o. CFPAC-1 and PANC-1 cells were washed six times with
gluconate bu¡er then gluconate bu¡er containing varying
amounts of chloride ion (10, 20, 70, and 140 mM NaCl),
100 WM Na2SO4 (total), 100 WM xyloside or vehicle, and
56 WCi/ml [35S]sulphate and 22.4 WCi/ml [3H]glucosamine, was
added for 2 h at 37‡C. After incubation, the medium was re-
moved and the cell layers were solubilised in guanidine bu¡er.
Cell layer samples were bu¡er exchanged on Sephadex G50,
lyophilised and chondroitinase ABC digested. Disaccharides
were recovered after Sephadex G50 chromatography and ali-
quots had radioactivity determined. Data shown are the mean
[35S]:[3H] ratio in the GAGs synthesised at all chloride ion con-
centrations þ S.D (n = 4). ***P6 0.001.
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However, the [35S]:[3H] ratios of the xyloside-initi-
ated GAGs were approximately two-fold higher
than the respective controls in three experiments per-
formed under these conditions (not shown). These
data suggest that the increased £ux of sulphate
through the precursor pool is accommodated equally
well by both pancreatic cell lines. The observation of
increased [35S]:[3H] ratios in GAGs stimulated by
xyloside was unexpected and implied that the £ux
of precursors through intracellular pathways was
somehow altered by xyloside stimulation.
To test the functions of the pathway from RESP
to sulphated GAGs, xyloside experiments were per-
formed under conditions of varying [Cl3]o (0^
140 mM). Reducing [Cl3]o (and thereby enlarging
the RESP) had no e¡ect on the [35S]:[3H] ratio either
for xyloside treated or untreated cells. As the RESP
by de¢nition equilibrates rapidly with the medium, it
can be considered to have the same speci¢c activity
as the medium. This suggests that the increased de-
mand for sulphate precursors is met by the RESP,
and not by increased recruitment of sulphate from
the SESP. Since [Cl3]o does not in£uence the
[35S] :[3H] ratios under these conditions, the four
data sets were pooled (Fig. 5) in order to show the
magnitude of the xyloside e¡ect in each cell line.
Error bars (S.D.) con¢rm the low variance of
Fig. 8. Proposed model showing the contribution of sulphate
from the RESP and the SESP in pancreatic cells under (a), con-
trol conditions, and (b) under conditions of elevated GAG syn-
thesis. Outside the cell, sulphate is present in both radioactive
() and non-radioactive form. The model predicts that when
sulphate demand is elevated, cells will obtain more sulphate
from the extracellular environment via the SO4/Cl3 anion ex-
changer in the plasma membrane (represented by heavier ar-
rows showing the movement of chloride and sulphate ion both
into and out of the cell), and that a greater proportion of sul-
phate will channel through the RESP prior to entering the
PAPS pathway for sulphoconjugation reactions (heavy arrow in
(b) leaving the RESP). The contribution from the SESP re-
mains similar. This phenomenon manifested itself experimen-
tally, in the form of higher [35S] :[3H] ratios in GAGs synthes-
ised during xyloside stimulation.Fig. 7. Ability of CFPAC-1 and PANC-1 cells to use cysteine
as a source of sulphate for GAG sulphation. CFPAC-1 and
PANC-1 monolayers were washed and radiolabelled for 2 h at
37‡C in 1 ml gluconate bu¡er (supplemented with 100 WM
Na2SO4) containing 10 WCi/ml [35S]cysteine with either 0 or
140 mM NaCl in the presence of either 100 WM xyloside or ve-
hicle. Upon completion of the incubation, the medium was re-
moved, the cell monolayers were washed and then solubilised
with 0.05 M NaOH for 1 h at room temperature. GAGs were
L-eliminated from cell layer samples with 0.5 M NaOH and
CPC precipitated prior to scintillation counting. Data are
mean þ S.D., n = 3.
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[35S]:[3H] ratios with [Cl3]o. Under these conditions,
xyloside induced large increases in the [35S]:[3H]
ratios of CS/DS GAGs synthesised by both PANC-
1 and CFPAC-1 cells (P6 0.001). Fig. 6a and b
show that these increases result primarily from ele-
vated incorporation of [35S]sulphate rather than
[3H]glucosamine. This implies that under conditions
of increased sulphate demand, both cell lines chan-
nelled more sulphate (including [35S]sulphate)
through the RESP to meet that demand. Recruit-
ment of more sulphate from the SESP would have
led to a decrease in the [35S] :[3H] ratios. Though we
have not made the measurements, it can be predicted
that the intracellular speci¢c activity of the sulphate
precursor pool would be greater than the 10% of
external speci¢c activity presented in Fig. 4. It may
also imply that the increase in glucosamine £ux in-
duced by xyloside treatment makes an insigni¢cant
di¡erence to the total glucosamine pool.
Catabolism of the sulphur amino acids cysteine
and methionine, is an alternative source of sulphate
in some cell types [22]. For example: CHO, glomer-
ular and rat mesangial cells are able to synthesise
fully sulphated GAGs in the absence of exogenously
added sulphate [23,24]; ¢broblasts and chick chon-
drocytes can source part of their sulphate require-
ments from sulphur amino acids [25]; and bovine
aortic smooth muscle cells apparently cannot utilise
this pathway [26]. We wished to investigate the abil-
ity of pancreatic cells to utilise this substrate.
[35S]Cysteine was provided to the cells in the pres-
ence of 100 WM sodium sulphate in order to ensure
that we were observing the contribution of this path-
way under non-starvation (i.e. zero sulphate) condi-
tions. GAGs from the cell layer were analysed after
2 h radiolabelling in the presence or absence of xylo-
side, in medium containing either 0 or 140 mM
NaCl. Fig. 7 shows that both cell lines were able to
sulphate GAGs using sulphate derived from cysteine,
with PANC-1 cells unable to use the pathway as
e⁄ciently as CFPAC-1. There was also a di¡erence
in the response of the two cell lines to eliminating
chloride from the medium. There was no e¡ect of
this manipulation for PANC-1 cells, perhaps as a
result of very low incorporation levels. For
CFPAC-1 cells, the decrease in incorporation of cys-
teine-derived sulphate when chloride was lacking
may have resulted from dilution of cysteine-derived
[35S]sulphate in the RESP which was enlarged by the
reduced [Cl3]o.
Interestingly, xyloside treatment did not enhance
the £ux of sulphate from cysteine, even though treat-
ment had increased cellular demands for sulphate
(Fig. 7). If we make the simplifying assumption
that sulphate comes from the RESP rather than the
SESP, then the contribution of cysteine-derived sul-
phate to total GAG sulphation was less than 0.1%.
Independently of this assumption, this value is likely
to represent an upper limit on the contribution of
this pathway.
Overall, therefore, these experiments suggest that
under conditions of elevated demand for sulphate,
that pancreatic epithelial cells channel a higher pro-
portion of sulphate from the medium, through the
RESP and into adenosine 3P-phosphate, 5P-phospho-
sulphate (PAPS) synthesis. Hence the elevated
[35S] :[3H] ratios in the xyloside treated cells. Further-
more, placing the cells under biosynthetic stress for
sulphate precursor did not upregulate the cysteine
catabolic pathway. This model is illustrated sche-
matically in Fig. 8. Fig. 8a represents the normal
situation while Fig. 8b demonstrates the e¡ect of
xyloside, or indeed any physiological state which re-
sults in stimulated GAG synthesis. This manifests as
an elevated sulphate uptake into the RESP and sub-
sequent elevated tra⁄cking from the RESP to the
Golgi and ultimately into newly synthesised GAGs.
In conclusion, this work has shown that pancreatic
cells, including cells with a CF phenotype, possess
two kinetically distinguishable sulphate pools, one
of which contributes little to the sulphation of
GAGs. In response to biosynthetic demands, sul-
phate is preferentially channelled through the RESP
into PAPS synthesis. The work has also shown that
transformed pancreatic cell lines are able to utilise
cysteine as a substrate for generating sulphate, how-
ever this pathway does not appear to play a major
role in providing sulphate for GAG synthesis under
this range of experimental conditions.
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